To examine the oxygen-dependence of glucose consumption in solid tumors, we monitored gradients of glucose, lactate, and hypoxia in R3230Ac and FSA tumors growing in Fischer 344 rats. Bioluminescence imaging, detection of Hoechst 33342, and immunostaining of the hypoxia marker EF5 [2-8-N-(2,2,3,3,3-pentafluoropropyl)acetamide] were done in serial tumor slices. Glucose and lactate levels were also determined in liver and blood. Cells were further tested for glucose consumption and lactate production in vitro. In both tumor types, EF5 staining indicated similar maximum levels of hypoxia; the most intense staining occurred in perinecrotic regions. Glucose concentrations were highest in liver, declined from blood to tumor edge, further into vital tumor regions, and were lowest close to necrosis. Glucose was significantly lower in FSA than in R3230Ac tumors. Glucose concentrations in R3230Ac tumors were consistently higher in nonhypoxic than in hypoxic areas, with maximum values equal to systemic blood levels. Glucose in FSA tumors was close to zero, regardless of the presence or absence of hypoxia. Lactate did not differ significantly between the tumor types. FSA cells in culture showed a trend towards higher aerobic glucose consumption versus R3230Ac. Both cell lines increased their lactate production to similar levels under hypoxia. We conclude that both R3230Ac and FSA tumors retain the Pasteur effect, i.e., hypoxia triggers increased glycolysis. However, our results imply that increased aerobic glucose utilization leads to low glucose levels in FSA and a situation where supply limits uptake. This explains the repeatedly observed correlation between tumor blood flow and 18 Fdeoxyglucose uptake. (Cancer Res 2005; 65(12): 5163-71) 
Introduction
18 F-deoxyglucose positron emission tomography (FDG-PET) takes advantage of the well-known property of solid tumors to consume glucose at high rates for the detection of clinical primary tumors and metastases in vivo. Interestingly, rapidly emerging evidence also shows a quantitative association of FDG uptake and patient survival for numerous tumor entities (1) (2) (3) (4) (5) (6) . The attempt to match these findings with former studies reporting an association of the aggressivity of cancer with lactate levels (7-9) and hypoxia (10, 11) in primary tumors of several entities raises the question of whether hypoxia-driven differences in glycolytic rates are the common underlying mechanism, or whether constitutively elevated glucose consumption rates account for the high glucose uptake rates, as described by Otto Warburg decades ago (12) . Attempts to approach this question by comparing hypoxia markers with FDG uptake in tumors in vivo revealed both, matching and nonmatching patterns of FDG signal and hypoxia (13, 14) . On the other hand, the repeated finding of an association of FDG signal with tumor blood flow suggests that glucose (and FDGÀ) uptake may be dependent on supply rather than on cellular uptake rates (1, 13, 15) . The potential of oncogenic events to change the constitutive (''aerobic'') glycolytic rates of cells is also a long-known fact (16) (17) (18) .
In order to fully exploit the potential for diagnosis and therapy of cancer that these findings may harbor, individual metabolic phenotypes of tumors need to be characterized more carefully. As a central question, it needs to be clarified whether glucose uptake rates can vary between solid tumors, independent of hypoxia.
To identify such differences, we compared glucose and lactate concentration gradients in subregions of two different solid tumors (R3230Ac mammary carcinoma and FSA rat fibrosarcoma) in Fischer 344 rats, in conjunction with assessment of perfused vasculature, and location and degree of hypoxia. We also measured glucose consumption and lactate production of FSA and R3230Ac cells under normoxia and hypoxia in vitro, in order to validate our findings. Our results show that although both tumor types retain the Pasteur effect, i.e., the basic capacity to switch to anaerobic metabolism under hypoxia, glucose levels in nonhypoxic areas of FSA tumors are clearly decreased versus R3230Ac. Lack of free glucose leads to limited FDG uptake in FSA tumors versus R3230Ac. In vitro studies of FSA and R3230Ac cells suggest that higher aerobic glucose uptake is responsible for the observed finding.
Materials and Methods
Animal models and procedures. All procedures involving animals were carried out in compliance with the guidelines of the Duke University Institutional Animal Care Committee. FSA fibrosarcoma (kindly provided by J. Bull, M.D. Anderson Cancer Center) was originally isolated from the subcutis of rats that were given the carcinogen, methylcholanthrene (19) . The R3230Ac tumor has been used in this laboratory for many years, having been originally obtained from the American Type Culture Collection (Manassas, VA). This tumor arose spontaneously in a female Fischer 344 rat. It is well-differentiated and is positive for estrogen and progesterone receptors (20) . For both tumor lines, tumor fragments (f0.1 mm 3 ) from donor rats were transplanted into young female Fischer 344 rats and grown for f4 weeks to 1.5 cm in diameter. Prior to removal of the tumor, animals were anesthetized with a single dose of nembutal (50 mg/kg, i.p.) and placed on a temperature-controlled heating pad to maintain body temperature. Three hours before tumor removal, the hypoxia marker EF5 (2-8-N-[2,2,3,3,3-pentafluoropropyl]acetamide) was given i.v. at a dose of 100 Amol/L, using a 10 mmol/L solution in 0.9% saline (21, 22) . Ten minutes prior to tumor removal, the perfusion marker Hoechst 33342 was given i.v. at a dose of 1 mg/kg. In preliminary studies, this dose was found to not affect blood pressure (data not shown). Three hours after injection of EF5, the tumor was excised and snap-frozen on aluminum foil over liquid nitrogen vapor. A blood sample of the animal was taken concomitantly. Part of the liver was also removed and snap-frozen. The animals were then euthanized with a single dose of 0.2 mL euthasol (Diamond Animal Health, Des Moines, IA). All specimens were stored at <À70jC until analysis.
Cell culture. R3230Ac and FSA cells were seeded at a concentration of 1 Â 10 6 cells in 5 mL DMEM (Invitrogen, Carlsbad, CA) + 10% fetal bovine serum (Hyclone, Logan, UT) + 5% antibiotics/antimycotics (Invitrogen) into a 6-cm diameter cell culture dish and were allowed to settle for 6 hours. Cells were cultured at 37jC either at 20% O 2 in 75% N 2 + 5%CO 2 or under 0.5% O 2 in 95% N 2 /5% CO 2 in a temperature-controlled chamber. For analysis of glucose and lactate levels, 50 AL medium was sampled after 0 and 12 hours, respectively.
Quantification of lactate and glucose. For analysis of lactate and glucose concentrations out of cell culture medium, the medium was spun down in a centrifuge column (Pall, East Hills, NY) and subjected to glucose and lactate analysis in a CMA analyzer (CMA Microdialysis, Solna, Sweden), following the manufacturer's instructions. Blood plasma was isolated from whole blood following centrifugation and analyzed for lactate and glucose concentrations in a CMA microdialysis analyzer. Before cryosectioning the tissue samples, two parallel holes were inserted into the tumor biopsies using a 32-gauge needle, in order to provide internal landmarks for subsequent co-registration of consecutive image slices. For bioluminescence imaging, 20-Am-thick sections were cut from tumor and liver samples in a cryomicrotome, and transferred onto glass coverslides. The sections were allowed to freeze-dry at <À70jC for at least 2 weeks before measurements were made. The bioluminescence reaction was carried out in a temperature-stabilized reaction chamber at 25jC, which was placed under a fluorescence microscope (Zeiss, Thornwood, NY) with a cooled 16-bit CCD camera with photon counting capability, using Andor image-capture software (Andor, South Windsor, CT). The microscope stage was protected from extraneous light using a custom-fit black box. The sections were brought into contact with reaction solutions for either glucose or lactate, which were prepared following earlier published protocols (23) (24) (25) . Light emission from the enzymatic activity of the luciferase reporter was detected through the bottom of the coverslip. Photon flux was integrated at an overall magnification level of Â50, over a time interval of 30 seconds after an incubation time of 10 seconds. The resulting images were calibrated using appropriate standards, consisting of cryostat optimum cutting temperature embedding medium (Sakura Finetek, Torrance, CA) with defined concentrations of the metabolites added, and sectioned at 20 Am thickness in a cryomicrotome. The measuring procedures were identical for standards and tumor sections. Evaluation was done in ImageJ by using image histograms acquired from selected regions of interest. From the histograms, percentiles of the pixel intensity distribution were determined. The 5th percentile of the intensity range was regarded as the minimum value, 50% as the median representative value for the area, and the 95th percentile as the maximum value. Prior to the bioluminescence reaction, a bright-field image was taken of the unstained slide. Rough structures like tissue edges, necrosis, and the iatrogenically introduced tissue holes were visualized and used later for image registration. Data from distinct subregions of each tumor, such as the tumor edge, vital, nonnecrotic tumor, and perinecrotic tissue areas were obtained for all tumors. From each tumor, three slides were imaged for regions of interest, to provide average data for such regions. Following the bioluminescence reaction, the slides were imaged for endogenous Hoechst 33342 fluorescence staining, using a UV light source. This image also served for colocalization purposes. Consecutive slides used for the alternative metabolite or EF5 were also imaged for Hoechst 33342.
Quantification of hypoxia. Slight changes in the published EF5 staining protocol were made to accommodate the use of the EF5 slide to image Hoechst 33342 as well as for H&E staining (19) : in particular, the staining time had to be significantly shortened, in order to minimize diffusion of the Hoechst 33342 and to preserve the tissue quality for H&E staining subsequent to the imaging session. Ten-micron-thick sections were prepared from the tumor samples in a cryomicrotome. The sections were fixed in 4% paraformaldehyde for 1 hour, rinsed twice in PBS, and blocked with primary antibody dilution buffer (Biomeda, Foster City, CA) for 1 hour at room temperature. Cy3-labeled anti-EF5 antibody (ELK3-51, obtained from Dr. C.J. Koch, University of Pennsylvania, Philadelphia, PA) was diluted 1:2 in primary antibody dilution buffer (Biomeda), and the sections were stained for 1 hour at room temperature in the dark. After rinsing, the slides were stored in 1% paraformaldehyde/PBS at 4jC until they were imaged, which usually occurred on the same day. For imaging, the slide was covered with PBS and a hemocytometer coverslip was applied, using adhesive tape as a spacer. Imaging was carried out using a computer-guided motorized scanning microscope stage (Marzhauser Wetzlar, Germany), attached to a Zeiss fluorescence microscope with a computer-driven shutter controlling the UV light source (Uniblitz, Rochester, NY). Images were taken automatically at a magnification level of 100Â and a shutter time of 0.3 seconds, and stitched later in ImageJ. The slides were first scanned for EF5 immunofluorescence and subsequently for Hoechst 33342, using the appropriate filters, respectively. Day to day variation of the UV light source was taken into account by normalizing light intensity against permanently immobilized nonphotobleaching quantum dot slides at 420 and 580 nm (Evident Technologies, Troy, NY). Image analysis was based on pixel intensity, as described previously (21, 22) . Quantification of the degree of hypoxia was done by comparing staining intensity to sections of the same tumor tissue line, obtained from other donor rats that had been incubated for 3 hours at 0.2% oxygen in a temperature-and pressure-stated hypoxic chamber in the presence of EF5. Background staining intensity was determined by competed staining (21) . After imaging the slides for EF5 and Hoechst 33342, they were washed with PBS and subsequently stained with H&E.
Image co-registration. Alignment of consecutive images of lactate or glucose and EF5/Hoechst 33342/H&E was done using Photoshop. The primary landmarks used for co-registration were the Hoechst 33342 perfusion staining patterns. Secondary landmarks were used to verify the alignment and included the needle holes, edges of the sections, and patterns of necrosis.
Results
Hypoxia, perfusion, and necrosis. Both R3230Ac and FSA tumors displayed the typical pattern of perfusion-limited hypoxia, reflected by an inverse pattern of perfusion and hypoxia marker intensities (Fig. 1) . The perfusion marker Hoechst 33342 was predominantly present at the tumor edge, and in most cases, displayed more intense staining compared with central tumor regions (Fig. 1) . In both tumor types, large areas exceeding the diffusion distance of oxygen (the critical diffusion distance for oxygen approximates 120 Am; ref. 26 ) occurred that were neither necrotic nor hypoxic, as defined by undetectable levels of EF5 staining (Fig. 1) . Hypoxia values are given in Table 1 .
All tumor samples displayed areas of necrosis. Large areas of necrosis appeared as tissue-free spaces. The R3230Ac tumor exhibited subregions of squamous metaplasia, as has been previously described (27) . In both tumor types, edges of necrotic areas were typically hypoxic and displayed the highest EF5 binding intensity (Fig. 2) , as determined by coincidence of EF5-positive staining with the appearance of cellular debris and strongly eosinophilic staining (Fig. 1) .
Distribution of glucose. All metabolite values are listed in Table 1 and graphically displayed in Fig. 2 . Glucose concentrations were highest in the liver (10-20 Amol/g), intermediate in the blood (4-8 mmol/L % Amol/g) and lowest in the tumor in all animals. Within the tumor subregions, glucose was highest at the edge (R3230Ac, 5-6.5 Amol/g; FSA, 0.5-1 Amol/g), and lowest in vital tumor subregions (R3230Ac, 1-6 Amol/g; FSA, f0 Amol/g) and perinecrotic regions (R3230Ac, 0.5-2.5 Amol/g; FSA, 0 Amol/g). Glucose concentrations in the blood, tumor edge, vital tumor, and perinecrotic regions of FSA-bearing rats were significantly lower than in R3230Ac tumor-bearing animals, as confirmed by t test (liver, no difference; blood, P < 0.05; tumor edge, P < 0.001; vital tumor, P < 0.001; perinecrotic region, P < 0.05; one-way ANOVA was done among the singular data points of each animal to ensure homogeneity of data within a group; Fig. 3) .
In R3230Ac tumors, glucose displayed a distribution pattern that was obviously inverse to hypoxia, as determined by EF5 staining intensity (Figs. 1, 2, and 4) . Glucose was significantly lower in hypoxic versus nonhypoxic areas (paired t test, P < 0.05). In FSA tumors, glucose concentrations in nonhypoxic, vital tumor regions and hypoxic (usually perinecrotic) regions were both near zero (Table 1 ; Fig. 2 ). Examples of glucose gradients near regions of hypoxia are shown in Fig. 4 . Also shown in this figure is an example of the opposite trend, observed near a tumor border (Fig. 4) . In this case, a region of high glucose concentration (tumor edge) overlaps a hypoxic region that is also near the tumor edge.
Distribution of lactate. Lactate had the lowest concentration in blood (0.5-3 Amol/g), was intermediate at the well-perfused tumor edge (5-15 Amol/g), and high in vital tumor regions (FSA, 14-18 Amol/g; R3230Ac, 14-19 Amol/g). In R3230 tumors, lactate concentration was higher in regions of hypoxia and necrosis (16-21 Amol/g, Fig. 3 ). Lactate concentrations tended to be higher in perinecrotic as compared with vital-appearing regions (P = 0.051, paired t test). In FSA tumors, values close to necrosis were not higher than in vital tumor regions (15-17.5 Amol/g). However, on a microregional level, perinecrotic increases in lactate concentration were occasionally observed in FSA tumors as well Figure 1 . A, R3230Ac mammary carcinoma and FSA fibrosarcoma tumor sections, stained and scanned for EF5, Hoechst 33342, and subsequently for H&E. H&E and EF5 images have been merged with the respective Hoechst 33342 staining. The complementary pattern of EF5 and Hoechst 33342 is visible for both tumor types. In both tumors, perinecrotic cell populations are hypoxic. B, sections from R3230Ac (top ) and FSA (bottom ), stained for H&E, EF5/Hoechst 33342, and glucose bioluminescence. The holes in the sections arise from a needle which was stung into the tumor ahead of sectioning, in order to provide landmarks for subsequent overlay procedures. (Fig. 4) . There was a trend towards higher lactate concentrations in regions adjacent to necrosis in R3230Ac versus FSA tumors (P = 0.075). However, there were no other significant differences in lactate concentration between the tumor types, when subdivided by region. In R3230Ac tumors, lactate concentration seemed to depend on the degree of hypoxia (Fig. 4) , whereas lactate concentrations in FSA tumors can be high even in regions without evidence of hypoxia (Fig. 4) . In R3230Ac tumors, an inverse correlation existed between averaged glucose and lactate concentrations in vital tumor regions (Fig. 3) .
In order to examine the overall influence of hypoxia on the lactate concentration between individual tumors, images stained for EF5 were thresholded to quantify the area fraction over 10% of maximum binding. This area fraction was then compared with the overall lactate concentration in vital tumor regions. A positive correlation was seen indicating that higher levels of hypoxia within individual tumors were associated with higher lactate concentration.
Glucose consumption and lactate production of R3230Ac and FSA cells in vitro. Net changes of glucose and lactate concentrations per hour in the medium are outlined in Fig. 3D . Normoxic glucose consumption trended higher in FSA than in R3230Ac cells (À0.30 F 0.09 versus À0.21 F 0.05 mmol/L/hour; Fig. 3 ; P = 0.1, two-tailed t test). No differences in glucose consumption were observed for either cell line when comparing incubation in room air versus hypoxia (R3230Ac, À0.31 F 0.1 at room air versus À0.30 F 0.2 mmol/L/hour under hypoxia; FSA, À0.21 F 0.05 versus À0.23 F 0.13 mmol/L/hour; Fig. 3 ). Lactate production was significantly higher under hypoxia than under normoxia in both cell lines (R3230Ac room air, 0.43 F 0.08; hypoxia, 0.60 F 0.12; FSA room air, 0.45 F 0.02; and hypoxia, 0.68 F 0.11 mmol/L/hour; Fig. 3 ). Lactate levels were not different between R3230Ac and FSA cells under either incubation condition.
Discussion
In both R3230Ac and FSA tumors, necrosis was associated with maximum hypoxia values in the surrounding cell populations, as evidenced by quantification of EF5 staining (Fig. 2) . From this, we conclude that both tumor lines depend on oxygen and the lack of it is probably mainly responsible for the formation of necrosis. Although this is true for many solid tumors, there is evidence that in some tumors, the lack of glucose may be causative for necrosis formation as well (23, 28) . This is further supported by the finding that a-ketoacids, such as pyruvate, have a protective effect against oxidative stress. Glucose shortage may thus give way to cell damage and necrosis via pyruvate deprivation (29, 30) .
The occurrence of necrosis close to the tumor edge, as occasionally seen in both tumor types, may be a long-term consequence of the spatial heterogeneity of oxygen supply. Because the blood is the major conduit for glucose homeostasis in the mammalian body, all tissues displaying steady-state glucose levels below the blood must be regarded as net glucose consumers. The whole-tissue steady-state glucose level in these tissues is dependent on the discrepancy between the local consumption of underlying cells versus supply rate of nearby vasculature (and, in tissues capable of producing glucose, its production rate). Because this relationship is crucial to understanding the nature of the glucose distribution in tumors, we measured glucose levels in liver and blood of the animals, in addition to imaging the tumor. We showed a gradient of glucose with highest levels in the liver (production), intermediate in the blood (homeostasis), and lowest concentrations in the tumor (consumption; Figs. 2 and 3A) . The tumors further displayed their highest glucose concentrations at However, a difference existed in the glucose concentrations in vital, nonhypoxic versus perinecrotic, and hypoxic regions of R3230Ac versus FSA tumors: R3230Ac tumors had significantly higher glucose values in nonhypoxic, vital areas (Fig. 3A, ' 'V''), as compared with perinecrotic, hypoxic areas (''P'', paired t test, P < 0.05). In contrast, glucose concentrations in inner regions of FSA tumors were consistently near zero, regardless of hypoxia being present or absent. We interpret this result as an indication that glucose consumption in R3230Ac tumors is restricted in the presence of oxygen, and elevated in the presence of severe hypoxia, as found in perinecrotic regions. Our interpretations are supported by the finding that R3230Ac tumors show the Pasteur effect in vitro, i.e., lactate production increases under hypoxia. The lack of statistical significance in the changes of glucose consumption under hypoxia in these cells can be explained here by the fact that the observed change in lactate production rates of 0.17 mmol/L/ hour should theoretically be paralleled by changes in glucose consumption of as low as À0.085 mmol/L/hour. This effect may be covered by variations in measurements.
The virtual absence of free glucose in all inner regions of FSA tumors on the other hand is an indicator that even under nonhypoxic conditions, these tumors consume glucose at rates that are high enough to decrease the steady-state level of free glucose to zero. Indeed, our results show a trend towards an increased aerobic glucose consumption rate in FSA versus R3230Ac cells in vitro (Fig. 3D) . In this situation, cellular glucose consumption in the solid tumor is overcoming the supply. The decreased glucose at the tumor edge and even in the blood of FSA tumor-bearing rats underscores our finding that glucose uptake in FSA tumors is limited by supply, not consumption capacity.
To address the question as to whether the two different metabolic phenotypes of R3230Ac and FSA tumors would create different uptake patterns in FDG-PET, we have compared FDG autoradiograph images from R3230Ac and FSA tumors with respective EF5 staining in adjacent sections. R3230Ac tumors show increased uptake in hypoxic regions, whereas FSA tumors display a more uniform uptake, which may be somewhat stronger at the tumor edge because glucose is more abundant there. Example results confirm this conjecture showing an increase in the FDG signal in hypoxic regions of R3230Ac tumors (Fig. 5) . Intriguingly, the projected uniform uptake pattern in FSA is observed, but only in slices from deeper tumor regions (Fig. 5, left column) . More superficially cut slices, however, show increased hypoxic uptake of FDGs (Fig. 5, middle) . In combination with our findings in vitro, showing that hypoxia leads to increased lactate production in FSA cells, we conclude that the Pasteur effect is basically operating in these cells. However, due to diffusion geometry, only peripheral areas of the tumor may be supplied well enough to enable elevated glucose consumption (and lactate production) rates to occur under hypoxia.
The fact that increased lactate production in these cells is not paralleled by higher glucose consumption in vitro is not contradictory to our inferences, because the expected changes in the consumption rate are presumably below the detection limit (Fig. 3D) .
Our results with the FSA tumors show that local abundance of glucose, which is related to perfusion, can determine the FDG uptake rate. This is consistent with previous findings showing a more or less strict correlation between tumor blood flow and FDG uptake in many human and experimental tumors (1, 13, 15) . Furthermore, previous studies monitoring glucose tissue concentrations in several human tumors showed frequent incidence of very low glucose concentrations, indicating that the situation of supply-limited glucose uptake is frequent in clinical tumors (7, 9) . Our results explain these findings based on histology and cell culture. We would stress the fact that in order to determine whether glucose uptake or blood flow is measured by FDG-PET, local glucose abundance, i.e., the steady-state concentration, needs to be determined.
Most lactate is either respired in the well-oxygenated myocardium, taken up by the liver for gluconeogenesis, or used by other tissues (31, 32) . In normal blood of humans and rats, lactate concentrations are maintained at a level of 0 to 2 mmol/L, and tissues displaying lactate concentrations above this concentration can be regarded as net producers of lactate. However, it has to be kept in mind that some tumor cells may be able to reuse lactate for respiratory purposes when oxygen is present (33, 34) .
On a microregional level, a decline of the lactate concentration was observed from the central tumor regions towards the tumor edge in both R3230Ac and FSA tumors (Figs. 2 and 3) . Lactate tended to be higher in perinecrotic areas versus vital tumors, a trend which was observed in both tumor types (Figs. 3 and 4) . This trend reached borderline significance only in R3230Ac tumors. The underlying mechanism may be an accumulation of lactate in necrotic areas, which is trapped there due to the high production rates of perinecrotic cell populations. However, the bioluminescence method is inadequate to verify this hypothesis, because liquid-filled areas, as present in the necrotic cavity, are lost during the process of sectioning.
Given that there were such striking differences in glucose concentration in these two tumor lines, it was surprising that both cell lines produced lactate at similar rates in vitro. However, several explanations exist for discrepancies between glucose consumption and lactate production in tumor cells. First, respiration rates may differ between FSA and R3230Ac tumors as a consequence of oncogenic events and/or differentiation status. Second, FSA may be shuttling part of the glucose into alternative pathways, such as the pentose cycle. Third, extracellular lactate may be reintroduced into the cell and back-converted into pyruvate by lactate dehydrogenase and subsequently used for cell respiration. Additional studies are ongoing in our laboratory to explore these mechanisms and will be reported separately.
In order to further identify in vivo correlates for the Pasteur or Warburg effect in solid tumors, we compared the thresholded percentage of tissue area >10% maximal binding intensity of EF5 (as a measure of hypoxia) in several slices with the lactate concentration in the sample. A positive correlation was seen between lactate and hypoxic areas if plotting all samples (Fig. 4C ). This finding is further evidence that lactate production is dependent on hypoxia in both tumor types and is confirmed by our results in vitro. The inverse relationship between whole-sample average lactate and glucose concentrations in the vital tumor, as seen among R3230Ac tumors (Fig. 3B) , may further be interpreted as an indication that glucose is indeed the major source for lactate in R3230Ac tumors in vivo.
By comparing the microregional glucose and lactate concentrations in liver, blood and hypoxic, nonhypoxic, and peripheral areas of R3230Ac mammary carcinomas and FSA fibrosarcomas of the rat, we were able to identify the Pasteur effect, as defined by increased lactate production under hypoxia, in both FSA and R3230Ac tumors. Both tumors however differ in their glucose metabolism, as glucose demand versus supply is drastically increased in FSA tumors, which is probably due to increased aerobic glucose uptake in FSA cells. Different mechanisms may play a role in this phenomenon: potential candidates capable of selectively influencing glucose uptake that have been shown to play a role in cancer are the glucose transporter Glut1 (1), hexokinase II (35) , and phosphofructokinase-2. The latter is part of a normally liver-specific feed forward mechanism for glycolysis that has been shown to play a role in cancer (36, 37) . Our study is the first to show such differences comparing different tumors in vivo. Our observations also provide an explanation for the observation that FDG uptake and tumor blood flow are correlated with each other, by demonstrating that glucose demand may overcome supply in solid tumors. We conclude that reliable Figure 5 . Section of an R3230Ac and FSA tumor, after the animal was given a single dose of 18 FDG (f150 ACi) and the tumor was removed and snap-frozen, stained for H&E (top ), EF5 and Hoechst (middle ), and exposed for autoradiography subsequently (bottom ). Left column, R3230Ac, slices taken from the middle part of the tumor. Middle column, FSA tumor, slices taken f140 Am distant from the edge of the tumor. Right column, FSA tumor, sliced from a deeper part of the tumor (f300 Am distant from the edge).
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